We have developed a miniature diamond anvil cell for magnetization measurements in a widely used magnetic property measurement system commercial magnetometer built around a superconducting quantum interference device. The design of the pressure cell is based on the turnbuckle principle in which force can be created and maintained by rotating the body of the device while restricting the counterthreaded end-nuts to translational movement. The load on the opposed diamond anvils and the sample between them is generated using a hydraulic press. The load is then locked by rotating the body of the cell with respect to the end-nuts. The dimensions of the pressure cell have been optimized by use of finite element analysis. The cell is approximately a cylinder 7 mm long and 7 mm in diameter and weighs only 1.5 g. Due to its small size the cell thermalizes rapidly. It is capable of achieving pressures in excess of 10 GPa while allowing measurements to be performed with the maximum sensitivity of the magnetometer. The performance of the pressure cell is illustrated by a high pressure magnetic study of Mn 3 ͓Cr͑CN͒ 6 ͔ 2 · xH 2 O Prussian blue analog up to 10.3 GPa.
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I. INTRODUCTION
Magnetization ͑M͒ is a fundamental physical property characterizing the response of a material to applied magnetic field. Knowing its temperature ͑T͒, field ͑H͒, and pressure ͑P͒ dependence reveals the nature of magnetic interactions, the value of the exchange parameters, the critical T, H, and P of magnetic phase transitions, etc. While the ability to change temperature and magnetic field comes as standard in commercially available magnetometers, in order to perform high-pressure measurements custom built pressure cells are required. Most existing pressure cells for magnetization measurements have been made for use with the Magnetic Property Measurement System ͑MPMS ® ͒ from Quantum Design ͑USA͒ 1 based on a superconductive quantum interference device ͑SQUID͒. The MPMS can resolve magnetic moment changes as small as 10 −8 emu but has the inner bore of only 9 mm diameter which is a major constraint in the design of a pressure cell.
Pressure cells can be divided into two generic categories -piston-cylinder and opposed anvil devices. Most of the pressure cells designed for the MPMS are of pistoncylinder type. [2] [3] [4] [5] [6] [7] [8] [9] Relatively large sample volume is one of the key advantages of this design. However, the disadvantage is that the pressure range is limited to approximately 2 GPa.
The opposed anvil devices can achieve significantly higher pressures and in the following section we review the existing MPMS pressure cells of this design.
II. EXISTING OPPOSED-ANVIL PRESSURE CELLS FOR MPMS MAGNETOMETERS
Mito et al. 10 designed the first diamond anvil cell ͑DAC͒ for a SQUID magnetometer. The pressure cell was made of nonmagnetic copper beryllium alloy and depending on the size of the diamond culets was capable of reaching a pressure of 15 GPa. The alignment of the anvils was achieved by adjusting the position of one of the diamonds in the horizontal plane while the other diamond was attached to a hemispherical support, which provided the option for its tilt alignment. Pressure was applied by turning the nut at the back of the piston and thus transmitting the load onto the anvil attached at the opposite end. Since the original publication there have been several modifications of this design. [11] [12] [13] A pressure cell of a similar design called Mcell Ultra is commercially available from easyLab Technologies ͑UK͒. 7 A somewhat different design of a SQUID DAC has been proposed by Alireza et al. 14, 15 The key difference between this and Mito's design is the absence of the rocking support and the tilt alignment. The cell is made of ultrapure BeCu and CuTi alloys and the design is optimized in order to minimize the amount of the cell material around the sample and to provide large windows in order to improve the signal-tobackground of the measurement. In a measurement of magnetization, the sample and cell are displaced through a series of superconducting coils separated by a total distance of 4 cm and the change in flux passing through the combination of coils is recorded. In principle a long uniform cell body would not contribute to the signal when it is displaced along its length. The preceding cells all have lengths of many centimeters to approximately achieve this. There are three sources of background signal: ͑i͒ changes in cross-section, metal composition, and end corrections mean that a small signal is nevertheless generated from the length of the cell which is not modeled by standard fitting functions used to extract the magnetization from the data. ͑ii͒ The construction of the section of the cell adjacent to the sample is necessarily nonuniform and generates a background signal. ͑iii͒ Any nonsymmetry around the sample position along the length of the cell makes it difficult to center a weakly magnetic sample accurately in the coils and apply the background correction owing to small displacements of the cell components. Our cell differs from previous designs in being both symmetric around the sample and extremely short, comparable to the size of gelatin capsules used for measuring samples at ambient pressure. This means that all the background magnetization due to the cell is captured by the standard fitting model ͑or a simple modification thereof͒ and errors due to component shifts are minimal when subtracting the empty cell signal. We thus avoid background sources ͑i͒ and ͑iii͒. Furthermore, by using only low susceptibility materials, and minimizing the cell dimensions, the background signal from source ͑ii͒ is very low giving excellent sensitivity to the sample magnetization. In the next section we describe the design of such a pressure cell.
III. DESIGN AND OPERATION
The operation of the DAC is based on the turnbuckle principle. Conventionally such devices are used for creating tensile strain and for tightening cables. In high pressure cells the turnbuckle is used for applying compressive force by pushing the counterthreaded parts toward each other inside the body of the device. This idea was first applied to the design of a pressure cell by Tozer and co-workers. [16] [17] [18] They developed pressure cells for resistivity measurements, some of which are made of hard plastic material for use in pulsed magnetic fields. A turnbuckle cell for magnetization measurements was also reported in a study of TmTe up to 6.1 GPa, 19 but full details of the cell design and construction were not presented.
The pressure cell we have built for magnetization measurements is made of a fully hardened beryllium-copper alloy ͑BERYLCO 25͒ supplied by NGK Berylco ͑UK͒, 20 and is abbreviated TM-DAC for "turnbuckle magnetic DAC." The design is shown in Fig. 1 . The TM-DAC consists of a body and two end-nuts. The body is a cylinder 7 mm long and 7 mm in diameter with flats made for gripping it when rotating. Four holes have been machined in the sides for viewing the anvils and the gasket. The two end-nuts have four guiding holes drilled in them at the outer end and the diamond anvil attached with Stycast epoxy at the other end.
The end-nuts are identical apart from having the external M5 ϫ 0.5 thread cut in opposite directions, i.e., left-hand for the top nut and the right-hand for the bottom one. In order to maximize the strength of the body and to minimize the amount of the cell material around the sample, we modeled the behavior of the cell under load using finite element analysis. 21 The simulations show that the cell can hold loads in excess of 6 kN between the end-nuts.
The parts of the TM-DAC are shown in Fig. 2͑a͒ . During the assembly of the pressure cell the diamonds were glued to the end-nuts in such a way that their culets were coaxial with the viewing hole in the nut. There is no alignment mechanism and the anvil alignment is achieved through precision machining of the end-nuts and the body of the pressure cell.
As the gasket material we use annealed BERYLCO 25 foil. The gasket was preindented from 250 to 120 m and the hole of 350 m was drilled in it, making the initial sample volume equal to approximately 10 −2 mm 3 . During the tests and measurements discussed in this report, we used diamonds with 800 m culets to achieve pressures in excess of 10 GPa. With smaller culets higher pressures can be reached though at the cost of having a smaller sample volume.
The sample and the pressure marker were loaded into the hole in the gasket and Daphne 7373 oil was used as the pressure transmitting medium. 22 Depending on the requirements of the experiment the pressure inside the cell could be measured either by ruby fluorescence or by following the critical temperature T c of a superconducting transition in a reference material with known T c ͑P͒ such as Pb, Sn, or In. Once the sample is loaded, the pressure cell is placed into a specially designed bracket with four pins engaging into the four holes in both end-nuts as shown in Fig. 3 . The part of the bracket with the top pins can slide vertically allowing the pressure cell to be put into the bracket and also to adjust the height of the pins to ensure that they engage fully into the guide holes in the end-nuts. Once the pins are engaged they can only slide up and down when the body of the cell is rotated. While it is possible to generate some initial pressure by turning the body of the cell held inside the bracket, at higher loads the friction on the thread between the body and the end-nuts becomes large. In order to overcome this problem, the bracket is placed into a hydraulic press and the load, monitored by a sensitive load cell, is applied in small steps. This process closes a small gap that appears between the threads of the end-nuts and the body of the cell due to the deformation along the pitch-line contact in the locked turnbuckle. This relaxes the threads which enables the operator to lock the load by turning the body of the cell with respect to the end-nuts. The pressure during this process can also be checked by using ruby fluorescence. Once the desired pressure is achieved the pressure cell is placed in the holder for measurements in the magnetometer. For our measurements we adapted a standard plastic straw recommended for use with the MPMS as shown in Fig. 2͑b͒ .
IV. TESTS AND RESULTS
The TM-DAC has been extensively tested and in this section we provide a summary of the test results. We note that because the cell is symmetric with respect to the sample and because it is so short, with dimensions close to those of a standard MPMS sample, the cell produces a symmetric response of the voltage measured through the SQUID element as illustrated in Fig. 4 . This remains true for all applied magnetic fields. It also allows the signal from the cell to be measured over the recommended full 6 cm scan and the measurement does not need to be limited to a shorter scan length in order to exclude the interference from the end parts as is the case in longer pressure cells.
Another advantage of having the cell fully enclosed in the scan range is that the changes in the relative position of the parts of the cell occurring when pressure is changed do not affect the integrated signal. Hence the same background correction can be applied to measurements at all pressures and the observed changes to the signal with pressure originate from the sample. The sensitivity of the MPMS measurements is not affected by the presence of the pressure cell, i.e., the accuracy of the measured signal from a given sample within the cell is the same as from that sample in a standard MPMS gelatin capsule.
The weight of the assembled TM-DAC is approximately 1.5 g. It can therefore be cooled at a high rate and can quickly reach thermal equilibrium. The magnetic signal from the cell measured in several magnetic fields as a function of temperature is presented in Fig. 5 . The curves are smooth and follow the known trend for BERYLCO 25 alloy. The magnetization of the empty pressure cell as a function of field and temperature was recorded prior to the measurement with the sample and the data were used for background correction. In order to establish whether the pressure changes in the TM-DAC on cooling, we performed a test in which ruby and lead were loaded into the sample volume. Ruby fluorescence was used to establish pressure at room temperature while lead was used to measure the pressure at low temperature ͑3-7 K͒ by following T c for the same loading and taking the value of dT c / dP = 0.365 K / GPa. 23 It is notable that the pressure remains the same at low temperature as at room temperature, as shown in Fig. 6 , so that either of the pressure measurements is sufficient.
V. MAGNETIC PROPERTIES OF A PRUSSIAN BLUE ANALOG UNDER PRESSURE
We illustrate the performance of the TM-DAC through a study of Mn 3 ͓Cr͑CN͒ 6 ͔ 2 · xH 2 O. This ferrimagnet material is a Prussian blue analog ͑PBA͒ compound and consists of a cubic network of alternating Mn͑CN͒ 6 and Cr͑NC͒ 6 octahedra connected through the cyanide bridges. The sample used here has x Ϸ 16 and its preparation, structure, and magnetic properties up to 1 GPa pressure are reported elsewhere. 24 Mn 3 ͓Cr͑CN͒ 6 ͔ 2 · xH 2 O was loaded into the pressure cell with a ruby chip and a small piece of lead for independent pressure measurement. In Fig. 7 we show photographs of the gasket hole taken through the microscope, which show the sample, ruby, and lead and also illustrate the performance of the gasket at high pressure.
Pressure was applied in small steps after each of which magnetic susceptibility was measured as a function of temperature ͑Fig. 8͒. A small feature at T ϳ 60 K is present in all the data sets and its magnitude and position are not affected by applied pressure. The temperature at which it is observed corresponds to the Curie temperature T C of the PBA at ambient pressure, and we therefore attribute this feature to a minute amount of the sample left outside the pressurized volume of the cell after loading into the gasket hole.
The sample magnetization M is shown as low-field susceptibility = M / H, in an H = 100 Oe field throughout this section, and with mass susceptibility m = / m, where the sample mass was m = 7.5ϫ 10 −6 g. The pressure variations of T C , derived from the maximum of d / dT, and ⌬ m = m ͑40 K͒ − m ͑120 K͒, taken as being proportional to the ferrimagnetic moment, are shown in Fig. 9 . The initial dT C / dP =25 K/ GPa is similar to the values reported in two previous studies at pressures below 1 GPa. 25, 24 At higher pressures, a substantial but nonlinear increase in T c from 63 K at ambient pressure to a maximum T C = 93 K at 3.2 GPa pressure is discovered. This reflects an enhancement of the superexchange interactions between the transition metal cations as the bonds to cyanide are shortened with pressure. The ferrimagnetic moment decreases as T C is enhanced which may evidence increased tilting of the Mn͑CN͒ 6 and Cr͑NC͒ 6 octahedra. At pressures above 3.2 GPa the magnetic transition becomes much broader and T C is suppressed to zero near 10 GPa, with a corresponding collapse of the ferrimagnetic moment. This is consistent with a pressure-induced amorphization of the sample, as was observed in a similar PBA, FeCo͑CN͒ 6 between 8 and 10 GPa. 26 The observation that the ferrimagnetism of Mn 3 ͓Cr͑CN͒ 6 ͔ 2 · xH 2 O does not recover when the pressure in the pressure cell is released from 10 GPa ͑see the last zero pressure point in Fig. 8͒ supports this conclusion but a structural study up to 10 GPa will be needed for confirmation.
VI. CONCLUSIONS
In summary, we have designed, constructed, and tested a miniature turnbuckle DAC for magnetic susceptibility measurements in a commercial SQUID magnetometer. Due to its low thermal mass it can be thermally equilibrated rapidly which helps to save time and cryogenic consumables during the measurements. The pressure cell is capable at maintaining pressures in excess of 10 GPa and allows highly sensitive magnetization measurements to be performed as demonstrated by a study of Mn 3 ͓Cr͑CN͒ 6 ͔ 2 · xH 2 O. Δχ m (emu . g -1 ) m FIG. 9 . The pressure-temperature magnetic phase diagram of Mn 3 ͓Cr͑CN͒ 6 ͔ 2 · xH 2 O. ⌬ m shows the difference between the values of mass susceptibility taken at 40 K, m ͑40 K͒, and 120 K, m ͑120 K͒ ͑see Fig. 8͒ .
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